S102 FILM STRESS DISTRIBUTION DURING THERMAL OXIDATION i1
OF SICU) NORTH CAROLINA UNIV AT CHAPEL HILL DEPT OF
CHEMISTRY E KOBEDA ET AL @3 DEC 87 TR-1

F/6 11/2 NL

TR-18
UNCLRSSIFIED NBOB14-86-K-8385




(o)
eFF

==

I
e
>R E

oS
FEET:

-

-

-
L
a—
—
.
—
{

er

F
Fe

L
Illli
®

—-———
n
=

=

i

W8 ROCOPY RESOLUTION TEST CHART

NS OO ESONOAG l‘! t SITRIURTL Al A “§% & * 'l'l' Upf W KN b Pl AN R
,"'s".' o 2 " W ‘n cb n MRS :-":- ':- :o":\' :t '.¢ " :‘ '4' N "".-“:' et :~ :': o : ; " ." :‘ e .‘ '.l"‘. N "'6’ .l' :" ,’ N Wt Tl fos
St ”‘*A'[‘ e R, ‘: -" 2 "‘ \'.' ." ' IR "“n"' "‘ "a' " “ 'c" n o o é 'o‘,.‘n‘ u' ' o‘ c" " 0 ':' "*:"'."'
Vet a‘cﬂw\ow ‘ beb! W : ¢

I 3 H
d . L " ’C‘f

f

‘\" DTN

\ : i



OFFICE OF NAVAL RESEARCH
CONTRACT NO. NO0O14-86-K-0305

TECHNICAL REPORT NO. 18

SiO2 Film Stress Distribution during Thermal Oxidation of Si

E. Kobeda and E.A. Irene
Department of Chemistry
University of North Carolina
Chapel Hill, NC 27514

me |
AD-A189 552 LE Coey

in

The Journal of Vacuum Science Technology B

DTIC

; CNELECTE
% &, DEC 2 8 1997

by .

s Cl&ts

¢

Reproduction in whole or in part is permitted for any purpose of the United
States Government.

This document has been approved for public release and sale; its distribution
is unlimited.

87 12 14 089

i
£l !

PRI M
A 0‘.:ﬁeg?!‘

O A 1 0 N T T 1% Traqey To T Try Yy ANV A - ;
AR 3 ) \ S0 (T P AR i, N
Ay U R "4".":?"-,f‘.'.',"nf"ﬁf"a:" "tf“f.‘\‘" N fﬁ‘efi'af"d"'-t "&t"«'t‘f."»t*' Lot




REPORT DOCUMENTATION PAGE

1s. REPORAT SECURITY CLASSIFICATION
Unclassified

1b. RESTRICTIVE MARKINGS

2e. SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBUTION/AVAILABILITY OF REPORT

2. DECLASSIFICATION/DOWNGRADING SCHEDULE

Approved for public release; distribution
unlimited.

4 PERFORMING ORGANIZATION REPORT NUMBER(S)

Technical Report #18

5. MONITORING ORGANIZATION REPORT NUMBER(S)

IBb. OFFiCE SYMBOL
(1f applicabdle)

6a. NAME OF PERFORMING ORGANIZATION
UNC Chemistry Dept.

7. NAME OF MONITORING ORGANIZATION
Office of Naval Research (Code 413)

6c. ADORESS (City. State and ZIP Code)
11-3 Venable Hall 045A
Chapel Hill, NC 27514

7b. ADDRESS (City, State and ZIP Code)
Chemistry Program
800 N. Quincy Street
Arlington, Virginia 22217

8s. NAME OF FUNDING/SPONSORING
ORGANIZATION

Office of Naval Research

8b. OFFICE SYMBOL
{1/ applicabie)

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

Contract #N00014-86-K-0305

8c. ADDRESS (City, State and ZIP Code)
Chemistry Program
800 N. Quincy Street

10. SOURCE OF FUNDING NOS.

Arlington, VA 22217
1. TITLE rinclude Security Classification) Sio FILM STRESS

DISTRIBUTION DURING THERMAL OXIDATION OF Si

WORK UNIT
NO.

PROGRAM PROJECT
ELEMENT NO. NO.

TASK
NO.

12. PERSONAL AUTHORI(S)
E. Kobeda and E.A. Irene

13a. TYPE OF REPORT 13b. TIME COVERED

14. DATE OF REPORT (Yr.. Mo., Day; 15. PAGE COUNT

Interim Technical FROM TO December 3, 1987 20
16. SUPPLEMENTARY NOTATION
Submitted to J. Vac. Sci. Technol. B.
17 COSAT!I CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB. GR.
19. ABSTRAACT (Continue on reverse if necessary and identify by block number) r o~y ‘ N V' N
(_\" AN / ;L\\:O\ {‘*I“@,,‘,\"*’
A laser reflection technique is used to 1nve§:igate the relaxation of film stress

which occurs during the dry thermal oxidation of SL between 7009
a determination of the stress distribution in the oxide by two independent methods:
measurement on oxides of various thicknesses from 100 to 800 A and 2) repeated stress
measurements on chemically thinned SiO, films, viz. etch back analysis toward the inter-
Agreement is found between thesé experiments. Tt
are achieved by the use of ultra-thin Si substrates (75
in film stress with decreasing film thickness is observed.
observed for all temperatures studied and is attributed to a time-dependent oxide viscos-~
The influence of these measured properties on the kinetics of Si oxidation is

face.

ity.
discussed.__

i

and 1000®C. “Included is

1

se thin film stress measurements
m). Essentially, an increase
Rapid stress relaxation is

20 DISTRIBUTION/AVAILABILITY OF ABSTRACT

UNCLASSIFIED/UNLIMITED samMe as APT. & oTic users O

21. ABSTRACT SECURITY CLASSIFICATION

Unclassified

220. NAME OF RESPONSIBLE INDIVIDUAL
Dr. David L. Nelson

22b TELEPHONE NUMBER 22c OFFICE SYMBOL

tinclude Arca Code)

(202) 696-4410




Si0e Film Stress Distribution During

Thermal Oxidation of Si

by

E. Kobeda and E.A. Irene
Department of Chemiatry
The University of North Carolina

Chapel Hill, N.C. 27314

Accession For

NTIS GRA&I

DTIC TAB g
Unannounced O
Justifiocation ____ _
By.

Distribution/

Availability Codes
Avail and/or
Dist Special

A-l

A (MWCRIERNE AL
Yl st O T S




ABSTRACT

A laser reflection technique is used to investigate the relaxation of
Si0, film stress which occurs during the dry thermal oxidation of Si
between 700° and 1000°C. Included is a determination of the stress
disgribution in the oxide by two independent methods: 1) measurement on
oxides of various thicknesses from 100 to 800 A, and 2) repeated stress
measurements on chemically thinned Si0O., films, viz. etch back analysis
towvard the interface. Agreement is found betwveen these experiments.
These thin film stress measurements are achieved by the use of ultra-

thin Si substrates (75 um). Essentially, an increase in film stress
vith decreasing film thickness is observed. Rapid stress relaxation is
observed for all temperatures studied and is attributed to a time-
dependent oxide viscosity. The influence of these measured properties

on the kinetics of Si oxidation is discussed.
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INTRODUCTION

A number of studies have reported the observation of an intrinsic
film stress resulting from the thermal oxidation of Si (1-4). The
origin of this stress has been attributed to the 120% molar volume
expanegion which results from the conversion of Si to SiO,. A Maxvell
vigcoelastic flowv model (2,3,5) has been proposed to explain the
occurrence of increasing stress at reduced oxidation temperatures
(<950°C), vhere higher oxide viscosities preclude stress relaxation
during normal oxidation times. Since the intrinsic stress exiasts at
the oxidation temperature, it is possible that this streas influences
the oxidation kinetics. Howvever, there is some disagreement on whether
thig stress effect ie more influential on the interface reaction
(2,6,7) or the diffusional transport of O. through a growving oxide (8-
10). Also, other properties such as Si0, film density (2,11) and
electrical characteristice (12-13) may be influenced by the stress and
its distribution.

We report new measurements on the Si0Os film thickness dependence
of intrinsic stress using a laser reflection technique (3). This
dependence is determined by two independent experiments. In one
experiment the oxidized samples are grown to various thicknesses, wvhile
the other uses oxides that are chemically etchea. Concordant results
are obtained and compared with present stress models. The impliceations

of these results on related oxidation models are also discussed.
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EXPERIMENTAL PROCEDURES

A. Sample Preparation.

All experiments wvere performed using commercially available p-type
(100) Si wvafers. Wafer characteristice include a substrate thickness
of approximately 75 um (3 mil), a resistivity of 2 QI-cm, and an initial
diameter of 2 inches. Samples used for measurement were cut from the
original wvafers by cleaving along the major axis (100) to obtain 1x4 cm
strips. A pre-oxidation at high temperature (1050°C) wvas performed
prior to cleavage of the original wvafers in order to prevent subsequent
contamination by Si dust during cleaving. After removing this oxide in
a concentrated HF solution, samples were cleaned using a slightly
modified form of the RCA method (14) prior to the experimental
oxidation.

Thermal oxidation of the Si substrates vas performed at 700, 800,
and 1000°C in a double-wvalled reeistively heated fused silica tube
furnace. Oxidation temperatures are reported with les§ than 2°C
variation, and O, with less than 0.5 ppm hydrocarbons wvas used. The
He O content of the O, was measured during oxidation at the furnace
outlet with a hygrometer, and found to contain less than 5 ppm HeO. A
flowing N, ambient wvas majintained between the inner and outer valls of
the furnace tube and inside the furnace vhen oxidations were not in
progress. Film thicknesses were measured with an accuracy of better
than 2% using a precision manual ellipsometer with a He-Ne laser (6328

A) as the source. As previously detailed (2-4), the grown Si0O, vas

removed from the backside of each sample prior to the strain




measurement, and after the measurement the substrates vere rechecked
for residual curvature with the oxide completely removed. Two
independent experiments were performed to determine the digtribution of
stress in Si0., filma. First, a series of oxides from approximately
100-800 A were grovn to determine if any measurable stress relaxation
occurs in the initial thin regime of Si oxidation. Stress measurements
vere performed independently at each thickness for the three reported
temperatures. Since the measured stress i1s the average oxide stress
integrated over the thickness (15), this experiment establishes the
digtribution of etress from the interface to the outer surface when a
series of different thicknesses are measured. Secondly, oxides were
growvn to about 800 A and chemically thinned in a buffered HF solution
(NH.F:HF/50:1). Stress wvas measured after each etch on the same
samples. The comparison of estresses from these two techniques yields
information relative to stress relaxation during growth, since the thin
oxides obtained in the firat experiment are exposed to less high

temperature than those obtained from the etch back method.

B. Strain measurements.

A previously reported (3,4) parallel laser reflection technique
vas used to study film stress as a function of oxide thickness, and
only the essential features are repeated here. This technique involves
a measurement of the change in the radius of curvature (R) of the Si
substrate induced by stress from the Si0O. film. The curvature change
ig obtained from measurements of the change of the separation of tvo

parallel laser beams reflected from the film-substrate surface. The
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total film stregss can be calculated using a form of Stoney’s equation
(16):

or = Et,*/6(1-v)t,R (1)
where t, and t, are the substrate and film thicknesses, respectively,
and E and v are Young’s modulus and Poisggon’s ratio, respectively, and
are reported elsewhere (4). Since o, is8 measured at room temperature,
it contains a thermal expansion component o,», in addition to the
regidual intrinsic strese o.. ocn 18 the result of a thermal expansion
migmatch between Si and Si0., which upon cooling from oxidation to room
temperature yields a strese that may be calculated (17) and subtracted
from o, to obtain o,. The new atress results reported herein include
the extension of past measurements (3) to SiQ. film thickneas below
~800 A in order to determine the streass distribution in the oxide.
This extension is accomplished through the use of thin Si substrates
(~75 um), so as to yield measurable R values for small thicknesses.
The reported data in both experiments was usually the average of at
least 3 gamples, each with multiple measurements, and fesulted in an
average error of ~0.5x10* dyn/cm®* . The etch back results showed a
larger scatter from the curves, which may be attributed to the repeated

handling of the same samples during the series of etches and

measurements.

RESULTS AND DISCUSSION
A. Viscous flov.

Figures 1 and 2 shov the dependence of intrinsic film streas on

oxide thickness for three temperatures and a range of oxide thicknesses
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from ~ 100-800 A. The data in Fig. 1 was obtained by growing oxides to
various thicknessee and in Fig. 2 from chemical thinning or etch back
of Si10.. Both techniques yield essentially the same result within
experimental error. Considering that the thin SiO, samples used vere
exposed to decidedly different thermal budgets, the stress relaxation
must be fast relative to oxidation times. This is a fundamental point
and will be discuseed below. Also, there is clearly a trend towvard
larger stress for smaller Si0, thicknesses. This variation with
thickness is smaller for lovw temperature grown SiO, films which exhibit
larger stresses. While the data does not extend to filmas less than 100
A, a common extrapolated value of ~4.5x10* dyn/cm®* is obtained for the
maximum intrinsic stress at zero Si0. thickneas. This finding of a
single value for the maximum stress is expected since the origin of
stress is due to the constant molar volume change strain that occurs at
the Si surface during oxidation. The value for this maximum stress is,
howvever, smaller than expected (2) and will alsc be discussed further
below. Finally, the streses values for thicker films are near the
previously reported resulte for thick Si0O., samples prepared on thicker
(200 um) Si substrates (4).

We nowvw return to the isgsue of stress relaxation. According to a
simple Maxwell model for a solid, viz. a apring and dashpot in series,
ve expect the relaxation of strese to occur by viscous motion of SiC.
awvay from the Si surface. The strain rate, d&/dt, is expressed as:

de/dt = o /n (2)

vhere n is the oxide viscosity (2). Hence for smaller viscosities the

strain rate is higher and relaxation occurs more rapidly. The
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g& equilibrium viscosity is an exponent.1l function of temperature as

e shown by the Andrade equation (18):

RSt

Qﬁ. n = ne exp (En/RT) (3)

zﬁ. where n, i8 a pre-exponential constant which represents the minimum

)

gﬁ vigcosity and En the energy of activation for viscous flow. The

2 ﬁ,l

‘$$ effects of equilibrium viscosities will be discussed later. The

(] ,.‘

s

&S relaxation of stress due to viscous flow in a Maxwell solid can be

v

?ﬁ summarized by the following equation:

4

i

#N oy (t) = o, exp(-t/T) (4)

,t;f.o

:EJ where o, is a pre-exponential congtant (maximum oxide stress directly
@

P at the interface), t is the oxidation or annealing time (time exposed
3

3 to a given temperature), and t the relaxation time. Relaxation times
A9

»

%. have been predicted from viscosity measurements based on the following

’

0 equation:

o
W

W T = n/G (3

e lv

J5 vhere G is the elastic shear modulus. Since G is a moderately weak

function of temperature (19) and n a strong function of temperature,

4
Jg the temperature dependence of the relaxation time is strongly dependent
Wy
0 on the oxide viscosity.
L
o From literature values for G (20) and extrapolated values for n
>
Ey (20), relaxation times are estimated from equation (S) and presented
L
in Table 1. It should be noted that these constants are obtained from
‘} measurementa on bulk glass materials, and may be in error for thin S$i0.
.,
o,
{} films. The calculated t's suggest that the stress relaxation is slow
.’
i relative to normal oxidation times for lowv temperatures. This is
ﬁw partly substantiated by the higher stress and shallover slope of the
:.
[}
7
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relaxation curves for lowv temperature grown films. However, 1f this
wvere entirely true then we would expect the curves in Fig. 1 to show
virtually a zero gslope over the oxidation time periods investigated.

In addition, the etch back stress results of Fig. 2 would yield lower
stress values than the individually grown samples of Fig. 1 in the thin
film regime. This is due to the fact that the oxidation rates are
greater in the initial regime where thin films are grown and thus less
exposure to high temperature is required for the individually grown
thin oxides. For example, it takes ~ 78 min. to grow a 100 A film at
800°C, but to add 100 A to an already grown 700 A film requires ~ 460 %
min (21). This factor of 6 difference in time should enable greater
relaxation of stress for the etched back 100 A sample which grew at a
substantially slowver rate. Also, it should be remembered that the SiO.
film grovwe via the inward migration of O., hence the newest oxide is
added at the Si-Si0. interface. Since the stress values in Fig. 2 are
not lower than those in Fig. 1, the growth rate must have a marked
influence on the relaxation during growth. Given the iarge
experimental error associated with the etch-back results, it is not yet
clear how pronounced this effect really is.

It appears that the initial stress relaxstion observed for the
grown Si0O, filme is faster than one would expect from the calculated
1’s reported in Table 1, with the result that there is a rapid lowvering
of the stress to some initial value from which there is a slover
relaxation. Thus, either our experimental results cannot be understood

by a simple Maxvell model, since a fast relaxation is observed for Si0.

as it is formed under potentially higher stress in the early stages of




oxidation, or a decidedly smaller oxide viscosity than used in Table 1
exists in thin films. The fast initial relaxation may be the result of
an out of equilibrium viscosity for the newly formed layer near the Si-
Si0s. interface. This nonequilibrium gituation cannot result from
temperature differences, since the coxidation is isothermal, but is
likely derived from time-dependent plasticity as a result of changing
film thickness. As the growing layer moves away from the interface,
the Si0; network relaxes, and an equilibrium value for viscosity is
obtained. Thus two parallel relaxation phenomena are envisioned: first
the initially fast, temperature independent relaxation from a maximum
intrinsic stress value to a much lower value; second the Maxwvell-like
relaxation of the well formed and annealed $Si0O. network.

In order to model this situation, we can reconsider equation (2),
wvhich expressed the viscous flowv rate, and provide a more generalized
viscoelastic expression (22):

de/dt = Ao" (6)
where n i a constant. For linear theory of viscoelasficity, n=1,
A=1/n, and equation (2) gives the proper form for the deformation rate
(c/n). For 1 < n < 10, non-linear viscoelastic behavior results (22),
and equation (2) must be modified. Tiller (6) has predicted a value of
2 for n based on consideration of the digtance at which stress relaxes
an order of magnitude, yielding a nonequilibrium structured layer near
the interface. Other studies on strese relaxation in glasses have also
shown n=2 (23), wvhere greater stresses result in non-linear reasponses.

An approach by Tan and Goesele (24) compares an initial time-dependent
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vigcosity n, (t) in a freshly formed material to a wvell-annealed time-
independent viscosity ne., revising the viscous flov rate equation:
de/dt « o/n. (7)
where H. is an average vigcosity. This suggésts that during oxidation,
an average viscosity of the oxide over the entire thickness range must
be considered rather than one of true equilibrium. A number of authors
have suggested that the freshly grown cxide near the interface is
probably more fluid than the oxide near the outer surface (5,15, 24),
resulting in a nonequilibrium layer near the interface. Also, the
growing film may impose an additional driving force to the temperature
activated viscous flow, resulting in a lower observed activation energy
for this process. This force depends on the changing film thickness
and growth rate, viz. a decrease in film Qrowth velocity as the oxide

moves away from the surface. These ideas seem to be consistent with

our experimental results.

B. Kinetic madels related to stresas.

As stated earlier, there is some disagreement in the literature on
wvhether stress primarily effects the interface reaction (2,6,7) for Si
oxidation or the diffusion of O, through a strained oxide (8-10). Non-
Arrhenius behavior has been observed for both the parabolic (k,) and
linear (k,) rate constants (25-27) that are derived from the Deal-Grove
oxidation model. Stress is thought to affect these constants, s8ince a
break in their activation energies occurs at approximately the viscous

flow point of the oxide (950°C), where stress increases for lover

oxidation temperatures.

10
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The stress~-diffusion models (8-10) consider a change in the
diffusion mechaniasm due to stress. Fargeix and Ghibaudo (8) have
considered the effects of o, on k, through a modified expression for
the diffusion (D) of oxidant:

D = Ds exp (-cAV/KT) (8)
wvhere the pre-exponential constant is the diffusivity through a stress
free oxide, o is the level of stress in the oxide, and AV is the
diffusion volume change due to o. The authors deduce a maximum oxide
stress of 4.5x10*° dyn/cm®* to account for the difference in the
activation energies for k, at low (<950°C, 2.2 eV) and high (>950°C,
1.3 eV) temperatures, and propose it to be constant over a vide
temperature range (780-930°C). We find a maximum oxide streass at zero
thickness an order of magnitude lowver (~4.5x%10° dyn/cm®) that appears
to be independent of oxidation temperature, in agreement with the
origin of stress as the constant molar volume change that occurs during
oxidation. It thus appears that the observed streses is too lowv and
therefore inconsistent with this model. Howvever, the influenco of
stress on diffusion cannot be totally refuted. Recent studies have

shown an increase in oxidation rate upon annealing thick oxides (28),

presumably by relieving the compressive stress and increasing D. Also,
a crossover is observed in oxidation rates with oxide thickness for
different surface orientations (29), which appears to be the result of
a change in oxidant transport due to stress. At the pregent time, none
of these studies can be considered conclusive, hence the role of stress
on transport ig gtill in doubt, and the presently proposed models are

not fully in accord with the neveat stress data.

11
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A different approach has been taken by Irene (7) in describing the

effects of stress on oxidation kinetics using a revision of the linear
rate constant obtained fram the Deal-Grove oxidation model (25). The
following expression has been proposed:

ki a Css a1 /n (9)
vhere Cq, is8 the areal density of Si atoms for different Si
orientations. In a recent study (4) we showed the effect of Si
orientation on film stress. The lower than anticipated stress found
for the (111) Si orientation and the high rate of oxidation suggests
that the above expression for k, is not correct as written. Relation
(9) incorporates the viscous flow rate as a factor affecting k,. Thise
model considers the interface reaction to be controlled to some degree
by the viscoelastic properties of the oxide which relieve the volume
requirements for the conversion of Si to SiO.. Ae a resgult, a tensile
stress exists in the underlying Si, which may increase the reactivity
of the Si. Recently it was reported (30) that the application of a
tengsile load to a Si surface during oxidation resulted.in a small
increase in oxidation rates for thin films (<200 A). Our present
experimental data shows that much of the stress is relaxed to some
nearly constant value within the first 1000 A of oxide thickness. It
has been shown that k, may be dominant even beyond 1000 A (31), and
thug if stress does influence the oxidation rate significantly it is
likely to alter the Si surface reacticon rate constant. Since we have
shown that a high stress exists in the early stages of oxidation even
at 1000°C, ocur results demonstrate that it is possible for stress to

influence oxidation kinetica even at higher temperatures (>950°C).
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SUMMARY AND CONCLUSIONS

o
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We have reported the results of stress relaxation of dry thermal
Si0, films on very thin Si substrates which are used to enhance the

sensitivity of the measurement. Our results indicate a much faster

A T

-
e

stress relaxation during oxidation in comparison with bulk vitreous

£

Ay
wt

Sm silica measurements, which may be the result of a reduced oxide
L 4
i?i viscosity and a resulting lower activation energy for viacous flow. It
4

e

M is believed that freshly formed oxide near the Si-Si0O, interface is
c',

z: more fluid than that near the outer surface, and non-linear theory of
@

NS vigcoelagticity must be used to explain these resultsa. We propose that
SN

g a changing film growth rate alters the viscoelastic properties of a
Ca

} groving oxide, providing an additional driving force to viscous flow.
51_ Since this relaxation occure mostly in the initially fast rate regime
s ’

7@ cf oxidation, it is believed that intrinsic film stress may have a
.éw stronger influence on the interface reaction than on the transport of
B

:i oxidant in the film, and may be important even at temperatures above
‘sl

’. "
sﬁ the viscous flow point.
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FIGURE AND TABLE CAPTIONS

Figure 1. Intringic film stress distribution as a function of oxide
thickness for independent samples grown to various
thicknesses.

Figure 2. Intringic film stress ve. oxide thickness for chemically
thinned oxides, viz. etch back analysis.

Table 1. Relaxation time constants predicted from viscosity
measurements.
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TABLE 1. Relaxation time constants.

T (°C) T (8)
700 1.9x%x107
800 6. 3x10%

1000 715
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